THIS study examined the expression of inducible nitric oxide synthase (iNOS) and transforming growth factor-beta (TGF-b) in macrophage infiltrates within crush-injured digital flexor tendon and synovium of control rats and rats treated with N (G)-nitrol-arginine methyl ester (L-NAME) (5 mg/kg). Release of TGF-b from organ cultures of tendon, muscle, and synovium, and the effects of L-NAME treatment (in vitro and in vivo ), on adhesion of peritoneal macrophages to epitenon monolayers were also investigated. The results showed that during normal tendon healing the levels of TGF-b are high at first and gradually decrease after 3 weeks of injury to slightly above control uninjured levels. However, when L-NAME was administered at the time of injury, the macrophage infiltrates were expressing high levels of TGF-b even at 5 weeks after the injury, with no evidence of reduction. In the standard injury, iNOS activity was greatest at the acute phase of the inflammatory response and then gradually returned to normal. Treatment with L-NAME, however, resulted in inhibition of iNOS activity at 3 days and a reduction in the activity at the later time points examined after injury. We also found greatly increased levels of adhesion of peritoneal macrophages from L-NAME-treated rats to epitenon monolayers in vitro , which reflect a chronic imbalance in expression of TGF-b, which is overexpressed, and nitric oxide, which is underexpressed. The results of the current study show that formation of nitric oxide is an important event in the course of tendon healing since its inhibition results in chronic inflammation and fibrosis due to an imbalance in TGF-b expression in vivo .
Introduction
Following tendon injuries, post-trauma fibrous adhesions bind adjacent synovial tissue to injured tendon resulting in subsequent pain, stiffness and disability. It is well established that transforming growth factorbeta (TGF-b) plays an important role in wound healing and fibrosis, 1 and modulation of TGF-b production in tendon healing may provide a mechanism to modulate adhesion formation clinically. 2 During the early stages of wound healing, downregulation of this effector molecule by administration of antibodies to TGF-b1 may reduce adhesion formation between injured tendon and synovium. 3 TGF-b has been reported to induce the inhibition of nitric oxide production by macrophages through decreasing the stability and translation of mRNA for the enzyme nitric oxide synthase and increasing its degradation. 4 Nitric oxide, a highly reactive free radical produced from the amino acid arginine by the enzyme nitric oxide synthase, 5 has recently been reported to play a multitude of roles in the regulation of wound healing. 6 Á 10 Furthermore, inhibition of nitric oxide synthesis has been reported to lead to a decrease in the formation of granulation tissue by wound cells. 8 Indeed, nitric oxide, known for its pleiotropic effects, has also been reported as a potentially important antifibrotic molecule. 11 Á 13 We have recently studied the effect of inhibition of nitric oxide production, at the time of injury, on inflammatory cell accumulation and fibrosis around the digital flexor tendon and synovium. 14 We found that the incidence and severity of fibrocellular adhesions between the tendon and synovium was much more marked in animals treated with N (G)-nitro-Larginine methyl ester (L-NAME), which elicited a chronic inflammatory response characterised by a persistent and extraordinarily severe accumulation of large numbers of inflammatory cells in the subcuta-neous tissues, in muscle and in tendon. We suggested that these findings could have been indicative of a chronic imbalance in the expression of TGF-b (likely to be overexpressed) and nitric oxide (likely to be underexpressed). In this study we examine the expression of inducible nitric oxide synthase (iNOS) and TGF-b at different stages of the healing process in standard and L-NAME-treated crush-injured rat digital flexor tendon and synovium. We also measure the release of TGF-b from organ cultures of tendon, muscle and synovium and examine the effects of L-NAME treatment (in vitro and in vivo ) on adhesion of peritoneal macrophages to epitenon monolayers.
Materials and methods

Reagents
Tissue culture reagents were purchased from Gibco BRL (Life Technologies, Paisley, UK). All other reagents were purchased from Sigma Chemical Co. (Poole, UK), unless otherwise stated.
Animal model
Female Wistar rats weighing in the range of 250Á/300 g were anaesthetised using Halothane, and under tourniquet control a longitudinal incision was made in the plantar surface of the hindpaw and extended along the line of the middle digit to expose the synovial canal. A standard crush injury was then applied with Adson's forceps along the length of the flexor tendons of the middle digit of the hindpaw and the overlying muscle and synovium. The wound was sutured using a continuous nylon suture and the animals were allowed to mobilise without restriction following the procedure. The animals were then sacrificed by CO 2 asphyxiation followed by cervical dislocation at various time points following injury.
Control uninjured group
Five animals were sacrificed for histology and five animals for TGF-b determinations by enzyme-linked immunosorbent assay (ELISA).
Crush injury group
Twenty animals received an intraperitoneal injection of isotonic saline immediately following crush injury. Five animals were then sacrificed after 3 days and 2 and 5 weeks, and the paws were then processed for histology. Peritoneal macrophages were isolated from these animals for the adhesion assay. The remaining five animals were sacrificed after 3 days for TGF-b determinations by ELISA.
Crush injury group treated with L-NAME.
Twenty-five animals received an intraperitoneal injection of L-NAME (5 mg/kg) immediately following the crush injury. Five animals were then sacrificed after 3 days and 2 and 5 weeks, and the paws were then processed for histology. Peritoneal macrophages from these L-NAME-treated rats were isolated for the adhesion assay. Another group of five animals was sacrificed after 3 days and 5 weeks for determinations of TGF-b levels by ELISA.
Preparation of specimens for tissue immunohistochemistry
Tissue was prepared for histological examination by undertaking a block dissection to include the wounded skin, subcutaneous tissues, tendon, synovium and muscle, all of which were carefully dissected from the underlying bones. The dissected tissues were pinned onto cork to achieve good alignment of the tendons and were then fixed in 10% neutral buffered formalin and processed for tissue immunohistochemistry.
Tissue immunohistochemistry
Block dissected specimens, treated as already described, were embedded in OCT medium (Miles Inc., Elkhart, IN, USA) and frozen to (/708C. Longitudinal sections, 5 mm in thickness, were cut onto slides, allowed to reach room temperature, and then processed for immunohistochemical staining of cells expressing TGF-b and iNOS.
Immunohistochemical staining for TGF-b
The sections were washed in Tris-buffered saline (TBS), and treated with dilute normal serum for 15 min. The slides were then drained and incubated with anti-TGF-b (prepared in TBS and bovine serum albumin) for 1 h at room temperature. After washing three times in TBS for 5 min, the slides were treated with biotin-conjugated secondary antibody for 45 min at room temperature. Subsequent to three further 5-min washes in TBS, the sections were incubated with alkaline phosphate-conjugated extravidin (Sigma) at a dilution of 1:1000 for 30 min. The sections were washed three times in TBS and then visualised using fast 5-bromo-4-chloro-3 indolyl phosphate/nitro blue tetrazolium substrate (Sigma).
Immunohistochemical staining for iNOS
The sections were washed in TBS, and were treated with dilute normal serum for 15 min. The slides were then drained and incubated with anti-iNOS (prepared in TBS and bovine serum albumin) for 1 h at room temperature. After washing three times in TBS for 5 min, the slides were processed as already described for TGF-b.
Preparation of specimens for TGF-b determinations
Dissected tissue (wounded skin, subcutaneous tissues, tendon, synovium and muscle) was carefully separated from the underlying bones. The tissue was minced into small pieces and gently disrupted using a pestle and mortar. Organ cultures were then maintained in serum-free RPMI 1640 supplemented with 100 mg/ml of penicillin, 100 U/ml of streptomycin, 2.85 mM glutamine and bicarbonate for 24 h at 378C. The accumulation of TGF-b was quantitated using ELISA.
Quantification of TGF-b by ELISA
TGF-b levels were quantified in tissue culture supernatants using an ELISA kit (Predicta human cytokine ELISAs for TGF-b; Genzyme, Cambridge, MA, USA). Samples and standards were first diluted and acidified using hydrochloric acid for 1 h and were then neutralised to pH 7.0 Á/7.4 with sodium hydroxide. Tissue culture fluid and tissue extract were diluted with an equal volume of sample diluent. Then 100 ml of activated standards (0, 0.1, 0.64, 1.6, and 4.0 ng/ml) and samples were added to a microtitre plate precoated with a mouse monoclonal antibody to TGF-b, and the plate was sealed and incubated at 378C for 609/2 min. The samples were then aspirated and the wells washed vigorously with six changes of wash buffer. Excess fluid was then removed by blotting on tissue paper and 100 ml of anti-TGF-b horseradish peroxidase conjugate was then added and the plate sealed and incubated at 378C for 609/2 min. The liquid was then aspirated and the wells washed vigorously with six changes of wash buffer. After blotting off excess fluid with tissue, 100 ml of substrate reagent (tetramethylbenzidine (B/2%) in solvent ( B/40%) and 0.03% hydrogen peroxide in buffered solution) was added to each well and the plate was left at room temperature for 209/1 min. Next, 100 ml of stop solution (acid mixture; B/2 N) was added and the absorbance was recorded at 450 nm using a BioRad multiscan microtitre plate reader (Bio-Rad Laboratories, Richmond, CA, USA). A standard curve was then constructed to quantitate TGF-b concentrations in the samples.
Cell culture
Epitenon cells . Rat epitenon fibroblasts were isolated from the flexor tendons of young adult male Sprague Á/Dawley rats according to the method of Banes et al., 15 as described previously. 16 Cell monolayers were grown to confluence in Glasgow modified Eagle's medium (MEM) supplemented with 10% calf serum, 100 mg/ml of penicillin, 100 U/ml of streptomycin, 2.85 mM glutamine and bicarbonate.
Peritoneal macrophage cultures . Control and L-NAME-treated rats were sacrificed by CO 2 asphyxiation followed by cervical dislocation. Macrophages were obtained from control and L-NAME-treated rats by peritoneal lavage by injection of 20 ml of sterile phosphate-buffered saline (PBS) into the peritoneal cavity. Following a gentle massage of the abdomen, peritoneal macrophages were collected and any contaminating erythrocytes were removed by hypotonic lysis. The cells were then washed twice by centrifugation at 2000 r.p.m. for 2 min and finally resuspended in serum-free RPMI medium, for adhesion assays. For one part of the study, macrophages were treated with different concentrations of L-NAME (0Á/1.85 mM) for 24 h at 378C before being used for the adhesion assay.
Adhesion assay
A suspension of peritoneal macrophages in serumfree RPMI medium was applied onto quiescent, confluent monolayers of rat epitenon cells in 24-well plates (total volume, 500 ml/well). After incubation for a variable length of time the suspension was aspirated, and the monolayers were rinsed three times with sterile PBS. The total number of adherent monocytes was evaluated by a colourimetric assay 17 of fixed cells stained with crystal violet. Following coincubations of epitenon monolayers with macrophages for 6 h, the cultures were washed three times in order to remove non-adherent macrophages. They were then fixed with a solution of 1% glutaraldehyde in PBS for 15 min at room temperature. The cultures were then air-dried and stained with 0.1% (w/v) solution of crystal violet for 30 min at room temperature. The crystal violet was aspirated and the monolayers were washed in three changes of sterile distilled water. Cells were permeabilised with 1% Triton X-100 overnight. Aliquots of the resulting solution, containing solubilised nuclear staining crystal violet were transferred to 96-well microtitre plates and subjected to absorbance spectrometry at 595 nm with a Bio-Rad model 450 microplate reader (Bio-Rad Laboratories, Richmond, CA, USA). Absorbance was found to be proportional to macrophage density after normalisation for the absorbance of parallel, non-coincubated rat epitenon cell monolayers.
Results
Expression of iNOS in the healing tendon
We first looked at iNOS expression in macrophage infiltrates within tissue sections taken from control uninjured rat paws, standard crush-injured rat paws and L-NAME-treated crush-injured rat paws (Table 1) . Histological sections of control uninjured paws, immunocytochemically labelled with anti-iNOS antibody, showed basal levels ('/) of nitric oxide activity. The iNOS activity in crush injured paws, taken from animals sacrificed 3 days subsequent to injury, at the acute phase of the inflammatory response, was greatly raised ('/'/'/) and then gradually returned to normal. When L-NAME had been administered immediately at the time of injury, iNOS activity was abolished (Á/) in the 3-day crush-injured paws. The iNOS activity in sections taken from 5-week crushinjured paws from animals that had received L-NAME treatment was still weaker (9/) than that seen in sections of control uninjured paws ('/).
Expression of TGF-b in the healing tendon
We next looked at the levels of TGF-b expression in macrophage infiltrates within tissue sections taken from control uninjured rat paws, standard crushinjured rat paws and L-NAME-treated crush-injured rat paws (Table 1) . In uninjured paws, the synovium and subsynovial tissues did not stain for TGF-b. Since the tendon matrix normally acts as a repository for this cytokine, there was some evidence of TGF-b staining (9/). Sections of crush-injured paws showed that the majority of the inflammatory cells were expressing TGF-b, and a strong positive ('/'/'/) staining was observed. The expression of TGF-b in sections of crush-injured paws taken from animals decreased gradually, and by 5 weeks subsequent to injury the TGF-b levels were reduced further but still slightly above that observed in control uninjured paws ('/). When L-NAME was administered at the time of injury, a strong expression of TGF-b by inflammatory cells was observed at 3 days after injury ('/'/'/), and this increase was maintained 5 weeks after injury ('/'/'/).
Concentration of TGF-b in tissue extracts
We next measured the amounts of TGF-b using ELISA from tissue culture supernatants of the tendon, muscle and synovium. Fig. 1 shows the levels of TGF-b in control, crush-injured and L-NAME-treated crush-injured paws. TGF-b concentrations in crushinjured paws are doubled in comparison with the levels in uninjured paws. Tissue extracts from crushinjured paws showed a 212% increase in TGF-b levels. This is in agreement with the increased staining for TGF-b observed in tissue sections of injured paws. When L-NAME was administered immediately at the time of injury, there was a 33% reduction in the TGF-b levels, in comparison with crush-injured paws that had not received L-NAME, at the acute phase of the inflammatory response. The levels of TGF-b in tissue extracts from paws taken 5 weeks after injury and L-NAME administration were found to be comparable with those in control uninjured paws.
Effects of in vitro inhibition of iNOS on adhesion of macrophage cells to epitenon monolayers
Since we had previously found that in vivo treatment with L-NAME resulted in a greater degree of inflammatory cell adhesion to tendon and synovium, 14 we next looked at the effects of L-NAME treatment of macrophage cells on their subsequent adhesion to epitenon monolayers. Figure 2 shows the adhesion of peritoneal macrophages to quiescent monolayers of rat epitenon cells. Pre-treatment of macrophages with different concentrations of L-NAME induced statistically significant increases in the adhesion of macrophages to epitenon monolayers, in comparison with control macrophages that had not been pre-treated with L-NAME. Table 1 . Expression of iNOS and TGF-b in the healing tendon of standard and L-NAME-treated animals after crush injury of the rat digital flexor tendon and synovium Increasing the concentration of L-NAME did not seem to have a much greater effect on peritoneal macrophage adhesiveness.
Effects of in vivo inhibition of iNOS on adhesion of peritoneal macrophages to epitenon monolayers
We also wished to find out whether the in vivo administration of L-NAME at the time of injury affected the adhesiveness of peritoneal macrophages, and to test this we isolated macrophages from control and L-NAME-treated rats at 3 days, 2 weeks and 5 weeks of L-NAME administration. Fig. 3 shows the adhesion of peritoneal macrophages to quiescent monolayers of rat epitenon cells. Peritoneal macrophages taken from rats that had been treated with L-NAME for 3 days showed a statistically significant (p B/0.0005) increase in adhesiveness to epitenon monolayers in comparison with control untreated rats. This increased adhesiveness was still evident at 2 and 5 weeks after L-NAME treatment, although the results were not statistically significant after 5 weeks.
Discussion
The pathophysiology of adhesion formation following tendon injury involves the accumulation of large numbers of inflammatory cells around the injured tendon and synovium, which release many cytokines and growth factors within the healing wound. TGF-b is one of the most important cytokines in the healing wound since it appears to control the level of tissue fibrosis 18 Á 20 and, indeed, its expression in a variety of tissues has been directly linked to areas of fibrosis. 19, 21 We have demonstrated in this study that inhibition of nitric oxide synthesis at the time of injury leads to a chronic overexpression of TGF-b in vivo . In control injuries, TGF-b expression was increased in macrophages at the acute phase of the inflammatory response, and during the next 2 weeks subsequent to injury remained elevated, and by 3 weeks the TGF-b levels decreased gradually to slightly above that observed in control uninjured paws. Inhibition of nitric oxide production by administration of L-NAME at the time of injury upset the balance and macrophages were still expressing high levels of TGF-b at 5 weeks after the injury with no evidence of any reduction in its activity, in vivo . It is well established that chronic elevation of TGF-b levels in the healing wound will lead to increased deposition of collagen by stimulated fibroblasts and this chronic accumulation of collagen in the healing tendon and synovium is critical in the progressive loss of function in tendon healing. The fibrotic process is tightly regulated by many factors including cytokines and circulating hormones, and the role of nitric oxide in the control of fibrosis and adhesion formation is just beginning to be investigated.
We have demonstrated that inflammatory cell infiltration into tendon, muscle and synovial tissue coincides with an increase in iNOS activity in macrophage cells. The increase in iNOS activity is greatest at the acute phase of the inflammatory response and, as the latter subsides, the iNOS activity returns to normal. Treatment with L-NAME resulted in inhibition of iNOS activity at 3 days and a reduction in the activity at the later time points examined after injury. Inhibition of iNOS activity during the early stages of tendon wound healing resulted in a chronic inflammatory response seen as late as 5 weeks after injury. L-NAME treatment induced a chronic uncontrolled expression of TGF-b in vivo . Nitric oxide may thus be important in exerting some sort of control on TGF-b levels in the initial phase of tendon healing.
Craven et al. 22 reported that nitric oxide actually suppresses TGF-b expression by inducing a marked reduction in total and active TGF-b bioactivity in mesangial cells cultured in 5.6 or 30 mmol/l of glucose and it also suppresses increases in TGF-b mRNA in response to culture in high concentrations of glucose. Furthermore, nitric oxide has also been reported to be antiproliferative and antifibrotic for mesangial cells in vitro . 23 Á 28 During the early phase of wound healing, nitric oxide may thus act to downregulate activity of the fibrogenic cytokine TGF-b in the healing tendon. Indeed, the production of nitric oxide during wound healing has been reported to be important in the successful outcome of healing and, due to its many faceted biological functions, nitric oxide may delay wound repair during the early phase, but may promote healing during the more mature phase. 8 Á 10 Studies on arginine metabolism in a rat wound healing model have demonstrated a biphasic pattern where the initial inflammatory phase was marked by activation of the L-arginine/nitric oxide pathway with an increase in nitric oxide synthase activity over the first 2Á/3 days after wounding, and this was followed by arginase activity during the repair phase. 29, 30 During the early phase of wound healing when nitric oxide synthase activity is at its highest, nitric oxide may decrease inflammatory cell adherence and transendothelial migration, and induce apoptosis in macrophages and thus reduce the inflammatory cell presence.
Although nitric oxide at nanomolar concentrations is cytoprotective, at micromolar concentrations it is cytotoxic and contributes to cell injury in a variety of disease states. 31 Á 33 Cytokines like TGF-b that are centrally involved in tissue repair are potent inhibitors of iNOS expression and therefore play a role in teminating nitric oxide-dependent tissue injury. 11 In cultured rat mesangial cells nitric oxide significantly inhibits collagen and fibronectin synthesis and increases activity of the matrix degrading enzyme gelatinase, which should decrease fibrotic matrix accumulation. 24 Á 26 The repair promoting cytokine TGF-b significantly increases the activity of macrophage and fibroblast arginase, 34, 35 and thus this cytokine may play a role in decreased cytotoxic nitric oxide production and increased repair-oriented Lornithine production. The suppression of nitric oxide is probably as important to its regulation as its induction, and the regulatory actions of TGF-b on iNOS may be critical for controlling inflammation. 36, 37 In turn, a potential regulatory effect of nitric oxide on TGF-b expression at the initial phase of tendon healing may be as critical on the outcome of successful healing.
The greatly increased levels of adhesion of inflammatory cells to tendon and muscle in vivo and to epitenon monolayers in vitro in our L-NAME studies reflect a chronic imbalance in expression of TGF-b, which is overexpressed, and nitric oxide, which is underexpressed. The physiological significance of nitric oxide biosynthesis in the course of tendon repair is only beginning to be elucidated. We have shown that formation of nitric oxide is an important event in the course of tendon healing since its inhibition results in chronic inflammation and fibrosis due to an imbalance in TGF-b expression in vivo .
